It has been proposed that mitochondrial sulphonylureasensitive, ATP-sensitive K + channels (mitoK ATP ) may be involved in mediating the effects of ischaemic preconditioning (IPC) of the heart. Much of the evidence for this hypothesis has come from the ability of diazoxide and 5-hydroxydecanoate (5-HD) to mimic and antagonise IPC, since these reagents are regarded as relatively specific openers and blockers of the mitoK ATP channel, respectively Ghosh et al. 2000; Grover & Garlid, 2000) . In addition, O'Rourke, Marban and colleagues have demonstrated that diazoxide can oxidise mitochondrial flavoproteins in cardiac myocytes, and argue that this reflects opening of a mitochondrial ATPsensitive K + (K ATP ) channel with resultant mitochondrial depolarisation and stimulation of the respiratory chain (Liu et al. 1998 (Liu et al. , 1999 Sato et al. 1998 Sato et al. , 2000 . The effect was blocked by 5-HD. However, other workers have failed to detect these effects (Lawrence et al. 2001) , and there are an increasing number of reports in which it is suggested that diazoxide is not as specific for mitoK ATP channels as some have claimed. It was demonstrated more than 30 years ago that diazoxide inhibits succinate dehydrogenase activity with the result that the citric acid cycle is blocked and mitochondrial flavoproteins become oxidised (Schäfer et al. 1971) . These data have been confirmed more recently by others (Grimmsman & Rustenbeck, 1998; Kowaltowski et al. 2001; Hanley et al. 2002; Lim et al. 2002) . In addition, diazoxide has been shown to open the plasma membrane K ATP channel at low concentrations when ADP is present (as it will be in the cell; D' Hahan et al. 1999) . Furthermore, in mice lacking the plasma membrane K + channel Kir6.2, IPC was ineffective in reducing infarct size (Suzuki et al. 2002) . Finally, diazoxide has been reported to increase the mitochondrial production of reactive oxygen species (ROS) by an unknown mechanism (Pain et al. 2000; Forbes et al. 2001; Liu & O'Rourke, 2001) , and ROS have been implicated in IPC (Baines et al. 1997; Vanden Hoek et al. 1998) . The use of 5-HD as a specific mitoK ATP channel inhibitor is also open to question, since it is a racemic mix of D and L isoforms of a substituted fatty acid that can be
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A mitochondrial sulphonylurea-sensitive, ATP-sensitive K + channel (mitoK ATP ) that is selectively inhibited by 5-hydroxydecanoate (5-HD) and activated by diazoxide has been implicated in ischaemic preconditioning. Here we re-evaluate the evidence for the existence of this mitoK ATP by measuring changes in light scattering (A 520 ) in parallel with direct determination of mitochondrial matrix volumes using 3 H 2 O and [ 14 C]sucrose. Incubation of rat liver and heart mitochondria in KCl medium containing Mg 2+ and inorganic phosphate caused a decrease in light scattering over 5 min, which was accompanied by a small (15-30 %) increase in matrix volume. The presence of ATP or ADP in the buffer from the start greatly inhibited the decline in A 520 , whilst addition after a period of incubation (1-5 min) induced a rapid increase in A 520 , especially in heart mitochondria. Neither response was accompanied by a change in matrix volume, as measured isotopically. However, the effects of ATP and ADP on A 520 were abolished by carboxyatractyloside and bongkrekic acid, inhibitors of the adenine nucleotide translocase (ANT) that lock the transporter in two discrete conformations and cause distinct changes in A 520 in their own right. These data suggest that rather than matrix volume changes, the effects of ATP and ADP on A 520 reflect changes in mitochondrial shape induced by conformational changes in the ANT. Furthermore, we were unable to demonstrate either a decrease in A 520 or increase in matrix volume with a range of ATP-sensitive K + channel openers such as diazoxide. Nor did glibencamide or 5-HD cause any reduction of matrix volume, whereas the K + ionophore valinomycin (0.2 nM), produced a 10-20 % increase in matrix volume that was readily detectable by both techniques. Our data argue against the existence of a sulphonylurea-inhibitable mitoK ATP channel. activated to its coenzyme A derivative and then act as either a substrate or inhibitor of fatty acid b-oxidation (Hanley et al. 2002; Lim et al. 2002) .
It is generally accepted that opening of mitoK ATP channels will cause an increase in matrix volume and that this in turn will activate the respiratory chain, providing more ATP to support the recovering heart (Halestrap, 1989 (Halestrap, , 1994 Grover & Garlid, 2000; O'Rourke, 2000) . In extensive earlier studies from this laboratory we demonstrated that hormones that elevate mitochondrial Ca 2+ in the liver increase the mitochondrial matrix volume by enhancing K + influx. However, we found no evidence that a sulphonylurea-sensitive K + channel inhibited by extramitochondrial ATP was responsible, but rather demonstrated a mechanism that was sensitive to matrix [ATP] and involved the adenine nucleotide translocase (ANT, Halestrap, 1989 Halestrap, , 1994 . The first published data that provided direct evidence for the existence of mitoK ATP channels came from patch clamping of mitochondria (Inoue et al. 1991) . However, there was little evidence to prove that it was actually the inner mitochondrial membrane that was patched rather than the outer mitochondrial membrane or contaminating endoplasmic reticulum and plasma membrane. Indeed, it is known that preparations of isolated mitochondria are extensively contaminated with plasma membranes unless further purified by density gradient centrifugation (Halestrap, 1987; Whipps et al. 1987) . Subsequently, characterisation of the mitoK ATP channel has utilised light-scattering techniques with isolated mitochondria Yarovyarovoy et al. 1997; Jaburek et al. 1998; Kowaltowski et al. 2001 ) and reconstitution of detergent solubilised mitochondrial membranes into proteoliposomes (Paucek et al. 1992 Garlid et al. 1996; Yarovyarovoy et al. 1997; Zhang et al. 2001) . The reconstitution experiments were performed with solubilised membranes from isolated mitochondria, and thus it is possible that some contamination with K ATP channels from the plasma membrane may have occurred. No data were presented to discount such contamination, although comparison of the dose-response curves of reconstituted plasma membrane and mitochondrial K ATP channels for a range of openers might be taken as evidence that this is not the case . The use of light scattering to measure changes in matrix volume and thus K + transport is also questionable since it is well established that ATP and ADP can induce conformational changes in the mitochondria that lead to an increase in light scattering without any change in matrix volume (Klingenberg et al. 1971; Stoner & Sirak, 1973a,b; Halestrap & Davidson, 1990; Doran & Halestrap, 2000) .
With the emergence of the putative mitoK ATP channel as a potential target of IPC, we decided to re-evaluate the evidence for mitoK ATP channels by monitoring their activation and inhibition in isolated mitochondria following addition of putative effectors. This was achieved by measuring changes in matrix volume using a combination of light scattering and isotopic measurements. Despite extensive attempts, we were unable to find any convincing evidence for the existence of a mitoK ATP channel. This is consistent with the absence of any sequences in the human genomic database that are likely candidates for a mitochondrial sulphonylurea receptor. 
METHODS

Materials
Methods
Isolation of liver and heart mitochondria. Male Wistar rats (250-275 g) were killed by cervical dislocation, and hearts and livers rapidly removed and placed in ice-cold sucrose buffer (mM): sucrose 300, Tris-HCl 10, EGTA 2; pH 7.4). Each heart was homogenised in 3.5 ml sucrose buffer using a Polytron homogeniser (Fisher, Loughborough, UK) at setting 3 for 5 s.
Homogenates from three hearts were diluted to 40 ml with sucrose buffer containing 5 mg ml _1 bovine serum albumin (BSA) and the homogenate centrifuged for 2 min at 2000 g and 4°C to sediment cell debris. The supernatant was then centrifuged at 10 000 g for 5 min (4°C) to sediment a crude mitochondrial pellet, which was then resuspended in 12 ml of ice-cold sucrose buffer containing 19 % (w/v) Percoll. Following centrifugation (14 000 g) for 10 min at 4°C, the mitochondria formed a loose pellet that was retained, whilst membrane contaminants were removed with the supernatant, which was discarded (Halestrap, 1987) . The mitochondria were resuspended in 40 ml sucrose buffer and centrifuged (4°C) for 5 min at 10 000 g. The final mitochondrial pellet was resuspended at about 30 mg protein ml _1 and kept on ice until use (< 3 h). The yield of mitochondria was routinely about 6 mg protein per heart. For liver mitochondria, the procedure was similar except that each liver (8-10 g) was divided into two and each half homogenised using a Dounce Potter homogeniser in 40 ml of sucrose buffer containing 5 mg ml _1 BSA. Cell debris was removed by centrifugation at 600 g for 10 min and the resulting supernatant subjected to the same high-speed centrifugations as employed for heart mitochondria. Mitochondria were stored on ice in sucrose buffer at 60 mg protein ml _1 . The yield of liver mitochondria was about 60 mg protein per liver.
Combined light scattering and radioisotope measurements of changes in mitochondrial matrix volume. Absolute determination of the matrix volume of mitochondria requires measurement of the matrix water content and this is most usually performed by incubating mitochondria with 3 H 2 O and analysing the [ pellet and a sample of the supernatant can then be used to calculate the matrix volume (Halestrap, 1989) . For monitoring changes in mitochondrial volume with time, light scattering can be used, since an increase in matrix volume is accompanied by a decrease in light scattering. This is measured as a decrease in A 520 , since 520 nm is an isosbestic point for the mitochondrial cytochromes and thus insensitive to changes in redox state. The absolute values for A 520 are dependent on several factors in addition to the matrix volume, including the concentration of the mitochondria and the optical geometry of the spectrophotometer. In addition, light scattering is sensitive to changes in the intermembrane space and the shape of the mitochondria. As such it is a technique that is better suited for monitoring the rate of change of matrix volume, rather than determination of absolute values (Halestrap, 1989) .
The incubation medium routinely contained (mM): KCl 125, Mops 20, Tris 10, EGTA 0.5, KH 2 PO 4 2.5, MgCl 2 2.5, succinate 5, oligomycin 1 mM and rotenone 0.2 mM, pH 7.2, and was gassed with 100 % O 2 . For some experiments this was supplemented with 1 mM ATP + 10 mM KHCO 3 and a gas phase of O 2 :CO 2 , 95 %:5 % employed to mimic more closely the intracellular conditions. Equilibration of 5 % CO 2 in the gas phase with 10 mM KHCO 3 in the buffer maintains a pH of 7.2 at 25°C. Mitochondria were incubated in the required buffer at 25°C and 1 and 2 mg protein ml _1 for heart and liver mitochondria, respectively. Incubations were performed in 4 ml cuvettes contained in the temperature-controlled housing of a split-beam spectrophotometer that was constantly gassed with 100 % O 2 or O 2 :CO 2 , 95 %:5 % as appropriate. An overhead stirrer was employed to maintain oxygenation of the mitochondria. Where changes in volume and light scattering (A 520 ) with time were to be determined, mitochondrial suspension was injected only into the sample cuvette, whilst the reference cuvette was replaced with a neutral filter to balance the signal. For measuring the effect of added agents at a fixed time, mitochondria were incubated in both cuvettes, and after equilibration for 1 min the required effector was added only to the sample cuvette as required. At the end of the incubation, usually a further 4 min, 3 H 2 O (370 Bq) and [ 14 C]sucrose (74 Bq) were added to each cuvette and data recording terminated. Four 0.8 ml samples were then rapidly transferred to 1.5 ml microcentrifuge tubes and centrifuged at 14 000 g for 1 min. The supernatant was removed whilst the mitochondrial pellets were lysed with 500 ml water. Both pellet and supernatant samples were deproteinised with perchloric acid (2 % w/v final) and 500 ml of pellet extract and 100 ml of the supernatant sample was added to 10 ml scintillation fluid (Emulsifier Safe, PerkinElmer Life Sciences, Zaventem, Belgium) plus water to give a total aqueous volume of 1 ml.
3
H and 14 C were determined by scintillation counting using a Packard TriCarb 2100-TR scintillation counter. In order to resolve small differences (< 10 %) in matrix volumes, all samples were subjected to three cycles of counting, and great care was taken to avoid evaporation of 3 H 2 O. The procedure used for calculating matrix volume from the 3 H and 14 C dpm was that described previously (Halestrap & McGivan, 1979; Halestrap, 1989) . The protein content of each mitochondrial pellet was determined by dissolving the perchloric acid precipitated protein in 3 ml biuret reagent and measuring the A 540 using bovine serum albumin BSA as a standard. Volumes are expressed as ml (mg mitochondrial protein) _1 .
Statistical analysis
Data are expressed as means ± S.E.M., with the statistical significance of each effector being analysed using Student's paired t test.
RESULTS
The effects of ATP and ADP on the time course of mitochondrial swelling and light scattering in KCl medium
Several studies have shown that mitochondria isolated in sucrose medium and then incubated in KCl medium under energised conditions show a decrease in light scattering that is taken to indicate matrix swelling. However, in none of these studies was matrix volume actually measured directly with isotopes. In Fig. 1 we present typical data of such light scattering experiments for both heart (A) and liver (B) mitochondria and companion data for the changes in matrix volume measured with 3 H 2 O and [ 14 C]sucrose. Although we could detect the decrease in light scattering (A 520 ) over the first 5 min observed by others, the increase in matrix volume measured isotopically was small and variable (10-30 %) . This is consistent with previous data from this laboratory (Halestrap & Dunlop, 1986; Halestrap, 1987) . The presence of 0.2 mM ATP or ADP in the medium (in the presence of oligomycin) caused a major reduction in the rate and extent of the decrease in A 520 with heart mitochondria, in agreement with data from other laboratories; a similar but smaller effect was seen in liver mitochondria. These data might be interpreted as ATP and ADP inhibiting the entry of K + into mitochondria, slowing the swelling and decrease in light scattering. However, as shown in Fig. 1 Changes in light scattering induced by ATP and ADP reflect conformational changes of the ANT rather than changes in the matrix volume
In Fig. 2A we demonstrate that the presence of 0.2 mM ATP or ADP not only inhibited the initial decrease in light scattering of heart mitochondria (traces i-iv compared to traces v-viii), but also rapidly reversed it when added after a period of incubation in their absence (traces v-xii). This rapid increase in A 520 was greater if mitochondria had been preincubated for 5 min (traces v and viiii) than for 1 min (traces ix-xii). The speed and magnitude of this increase in light scattering was reminiscent of previous data obtained in this laboratory (Halestrap, 1987) and elsewhere (Klingenberg et al. 1971) demonstrating that conformational changes of the ANT are accompanied by changes in the shape of heart mitochondria that may be detected by light scattering, but not in their matrix volume. Such changes in the ANT conformation were induced by the addition of the two inhibitors of the ANT, carboxyatractyloside (CAT) and bongkrekic acid (BKA), that trap the transporter in the 'c' and 'm' conformations, respectively (Klingenberg, 1980) . We have used these inhibitors to confirm that the effects of ATP and ADP on
No evidence for mitoK ATP channels J Physiol 547.3 light scattering also reflect such conformational changes of the ANT. These data are presented in Fig. 2A and B.
In Fig. 2A we demonstrate that in the presence of either ATP or ADP, CAT (traces iii and iv) but not BKA (traces i and ii) caused a rapid decrease in light scattering. This effect was greater if the ATP and ADP were present from the start of the incubation (traces i-iv) than if it were added after preincubation for 1 min (traces ix-xii) or 5 min (traces v-viii). In the absence of ATP or ADP, addition of BKA induced an increase in A 520 in its own right that prevented subsequent addition of ATP or ADP from causing an increase in A 520 (Fig. 2B traces iii -v, vii, ix) . In contrast, CAT added in the absence of ATP slightly reduced the rate of decrease in light scattering, but unlike BKA did not reverse it. However, it shared with BKA the ability to prevent subsequent addition of ATP or ADP J Physiol 547.3 Figure 1 . The effects of ATP and ADP on the light scattering response and measured matrix volume of heart (A) and liver (B) mitochondria Heart mitochondria were added through an injection port into 3.5 ml standard KCl buffer contained within the sample cuvette of the spectrophotometer and incubated with continuous stirring at 25°C under a gas phase of 100 % O 2 , as outlined in Methods. This enabled changes in light scattering to be recorded immediately following complete mixing of the mitochondrial suspension with the buffer (within 5 s of addition of the mitochondria). Where indicated by the labelling to the right of the trace, 0.2 mM ATP or ADP were present in the medium from the start. After 5 min, from inducing an increase in A 520 (Fig. 2B traces ii, vi, x) . These data strongly support our contention that changes in light scattering induced by ATP and ADP reflect changes in the ANT conformation rather than matrix volume, although similar observations by Beavis et al. (1993) were interpreted as reflecting an interaction of the ANT with the mitoK ATP channel.
In order to ascertain which explanation is correct, measurements of matrix volume with 3 H 2 O and [
14 C]sucrose were made in parallel with the light scattering measurements, and these data are reported in Fig. 3 . Note that in these experiments, the spectrophotometer was used in 'split-beam' mode with the mitochondrial suspension being present in both sample and reference cuvettes, and additions of the required reagent being made only to the sample cuvette. Under these conditions the changes observed in A 520 represent the difference in light scattering induced by the reagent relative to the control incubation without added reagent. In the experiments reported in Fig. 3 , neither the increase in A 520 induced by addition of ATP or ADP, nor the subsequent decrease in A 520 upon addition of CAT, were accompanied by any detectable change in matrix volume. In contrast, the addition of the K + ionophore valinomycin to produce a change in light scattering of similar magnitude to that induced by CAT did give the anticipated increase in matrix volume. Increases of 110.6 ± 2.27 (P < 0.02) and 123.4 ± 1.93 (P < 0.01) were determined at 0.2 and 0.5 nM (0.2 and 0.5 pmol (mg protein) _1 ), respectively, consistent with previous data from this laboratory Halestrap, 1987) . Thus we can be confident that if the changes in light scattering induced by ATP and ADP were caused by a change in matrix volume, we should have detected it. In the same series of experiments we included the addition of glibencamide, a sulphonylurea that is reported to inhibit the mitoK ATP with a K Î of about 2 mM at the Mg 2+ concentration (2.5 mM) used here (Paucek et al. 1992; Szewczyk et al. 1997) . A very slight increase in A 520 was observed at 50 mM, but this was not accompanied by a detectable decrease in matrix volume. No significant effect on A 520 was observed at 2 or 10 mM glibencamide (data not shown). The effects of other putative mitoK ATP channel openers or blockers will be considered in detail below.
No evidence for mitoK ATP channels J Physiol 547.3 897 Figure 2 . The effects of adenine nucleotide translocase ligands on the changes in light scattering of heart mitochondria induced by ATP and ADP Heart mitochondria were added through an injection port into incubation buffer contained within the sample cuvette of the spectrophotometer as described in Fig. 1 , and additions of ATP (0.2 mM), ADP (0.2 mM), bongkrekic acid (BKA, 10 mM) or carboxyatractyloside (CAT, 10 mM) made as indicated by the arrows. In some incubations (indicated by the label to the left of the trace) these effectors were present in the buffer before addition of mitochondria. A and B, representative traces from two separate experiments with different mitochondrial preparations. All traces shown are typical of at least three separate experiments.
Changes in light scattering induced by ATP are enhanced by phosphate and Mg
2+
The experiments reported above were all carried out in the presence of 2.5 mM inorganic phosphate (P i ) and 2.5 mM Mg 2+ since previous work from Garlid's laboratory had shown that the effects of ATP could only be observed under such conditions (Paucek et al. 1992; Garlid et al. 1996; Jaburek et al. 1998) . In Fig. 4A we confirm that both P i and Mg 2+ are required to produce the maximal increase in light scattering induced by ATP. However, in Fig. 4B we demonstrate that in the absence of P i and Mg 2+ (trace i) the decrease in light scattering during 5 min incubation is much less than in the presence of these agents (trace iii), but similar to that observed in the presence of ATP, P i and Mg 2+ (trace ii). Thus our data suggest that Mg 2+ and P i M. Das, J. E. Parker and A. P. Halestrap 898 J Physiol 547.3 Figure 3 . Changes in light scattering of heart mitochondria induced by ATP and CAT are not accompanied by changes in isotopically measured matrix volume Heart mitochondria were incubated under the same conditions as described for Figs 1 and 2, but using both sample and reference cuvettes of the spectrophotometer as described under Methods. After 1 min incubation in the cuvette the indicated reagent was added to the mitochondrial suspension in the sample cuvette only, and after a further 2 min 3 H 2 O and [ 14 C]sucrose were added to both cuvettes, and matrix volumes were determined as described under Methods. In the bar graph, the changes in matrix volume induced by the reagent added are expressed as the percentage of the volumes in the absence of reagent (reference cuvette). Data are presented as the means ± S.E.M. (error bars) of the number of experiments shown, each performed with a separate mitochondrial preparation. When CAT (10 mM) was added, 0.2 mM ATP was present in both the sample and reference cuvettes from the start of the incubation. The mean control matrix volume (reference cuvette) for the total of six mitochondrial preparations represented was 1.26 ± 0.10 ml (mg protein) _1 . Glib, glibenclamide; Val, valinomycin.
Figure 4. Effects of phosphate and Mg
2+ ions on the increase in light scattering of heart mitochondria induced by ATP A, experiments were performed as in Fig. 3 , with mitochondria present in both sample and reference cuvettes, but the medium was varied as indicated. Where shown, ATP (0.2 mM) was added to the sample cuvette only. The control medium lacked the 2.5 mM MgCl 2 (Mg 2+ ) and 2.5 mM potassium phosphate (P i ) usually present, and these reagents were added back as indicated. In addition, a parallel experiment was performed using the buffer described by Garlid and colleagues . B, mitochondria were present only in the sample cuvette as for Figs 1 and 2. Incubation was performed in the absence and presence of 0.2 mM ATP, 2.5 mM MgCl 2 and 2.5 mM phosphate, as shown by the label to the left of the trace, and further additions of CAT (10 mM) or 0.2 mM ATP were made as indicated by the arrows. induce a decrease in light scattering that is inhibited by the presence of ATP, but that this is not associated with any change in matrix volume (Fig. 3) . Once again these data imply that changes in A 520 are detecting alterations in mitochondrial shape rather than matrix volume.
The effects of K ATP openers and blockers on the matrix volume of isolated mitochondria
Studies from Garlid's laboratory using a range of K ATP channel openers and blockers has led to the proposal that diazoxide and 5-hydroxydecanoate have a much higher affinity for the mitoK ATP channel than for the sarcolemmal K ATP channel . In view of the effects of these agents to mimic and oppose IPC, respectively, these agents have been used extensively to implicate mitoK ATP channels in IPC Ghosh et al. 2000; Grover & Garlid, 2000) . However, no studies have been reported on the effects of these agents on the matrix volume of isolated mitochondria determined directly with 3 H 2 O and [
14 C]sucrose. In Fig. 5 we present data from such experiments employing a range of K ATP channel openers and blockers with mitochondria incubated under conditions designed to mimic the physiological setting.
For this purpose we used the basic KCl medium supplemented with 1 mM ATP and 10 mM bicarbonate, and gassed with O 2 :CO 2 (19:1) to maintain a pH of 7.2. Changes in matrix volume were followed in real time using light scattering and quantitative measurements made in parallel using 3 H 2 O and [
14 C]sucrose. Our experiments were routinely performed at 25°C to ensure that the integrity of the mitochondria was maintained during the incubation. However, we confirmed that similar lightscattering results were obtained at 37°C and some of these data are shown for comparison. We also confirmed that identical results were obtained in the absence of bicarbonate (data not shown).
The data of Fig. 5 confirm that neither 5-HD (50 mM) nor diazoxide (50 mM) added alone or together caused any change in the matrix volume of heart or liver mitochondria, whether measured isotopically or with light scattering. These concentrations are well above the K Î values reported by others Szewczyk et al. 1996; Bajgar et al. 2001) . Glibencamide (50 mM) was also without effect. In order to confirm that small changes in matrix volume could be detected under these
No evidence for mitoK ATP channels J Physiol 547.3 Figure 5 . ATP-sensitive K + (K ATP ) channel openers and blockers are without effect on heart or liver mitochondrial matrix volume The experimental protocol was the same as described in Fig. 3 , but the buffer used was supplemented with 10 mM KHCO 3 and 1 mM ATP, and the gas phase 95 % O 2 :5 % CO 2 to mimic physiological conditions, as explained under Methods. Where noted, to the left of the trace of light scattering, the medium was supplemented with 50 mM glibencamide (Glib), 5-hydroxydecanoate (5-HD) or diazoxide (Diaz). Where indicated, additions were made to the sample cuvette of 0.2 nM valinomycin (Val) or 50 mM glibencamide (Glib), 5-HD, diazoxide (Diaz), pinacidil (Pinac), cromokalin (Cromo) and the nicorandil analogue N- . At the end of each run 3 H 2 O and [ 14 C]sucrose were added to both cuvettes and matrix volumes were determined as described under Methods. In the bar graph beneath, the change in matrix volume induced by the reagent added is expressed as the percentage of the volume in the absence of reagent (reference cuvette), presented as the means ± S.E.M. (error bars) of the number of experiments shown, each performed with a separate mitochondrial preparation. Data are given for both heart (black bars) and liver (cross-hatched bars) mitochondria. Traces of light scattering are only shown for heart mitochondria, but essentially identical results were found for liver mitochondria. The effects of valinomycin were statistically significant by Student's t test (*P < 0.02; **P < 0.01).
conditions, we demonstrated that addition of 0.2 nM valinomycin, a K + ionophore, gave the expected decrease in light scattering (Fig. 5A ). This was accompanied by percentage increases in matrix volume measured isotopically 122.9 ± 3.21 (n = 4; P < 0.01) and 109.7 ± 2.50 (n = 6; P < 0.02) for heart and liver mitochondria, respectively. The smaller increase in volume for liver mitochondria is a consequence of the different mitochondrial protein concentrations used (2 mg ml _1 for liver and 1 mg ml _1 for heart mitochondria, equivalent to 0.1 and 0.2 pmol valinomycin (mg protein) _1 , respectively). The increases in matrix volume induced by such low valinomycin concentrations are similar to those we have measured previously (Quinlan et al. 1983; Quinlan & Halestrap, 1986; Halestrap, 1987) . Cromakalin and pinacidil have also been reported to open the mitoK ATP channel Szewczyk et al. 1996; Bajgar et al. 2001) , but at 50 mM we found these agents were also without effect on the light scattering of heart mitochondria. Nor did the nicorandil analogue, N-[2-(acetoxy)ethyl]-3-pyridinecarboxamide, another K ATP channel opener, have any effect on light scattering.
DISCUSSION
The data we have presented in this paper reveal that the changes in mitochondrial light scattering induced by ATP do not reflect changes in matrix volume (measured isotopically) and thus are unlikely to represent inhibition of mitochondrial K + entry. Rather, the effects of CAT and BKA implicate changes in the conformation of the ANT that are known to cause changes in mitochondrial morphology, revealed as changes in light scattering (Klingenberg et al. 1971; Stoner & Sirak, 1973a,b; Halestrap & Davidson, 1990) . These effects are much more profound in heart than liver mitochondria ( Fig. 1 and Klingenberg et al. 1971) , probably because the latter have only about 25 % of the ANT content of heart mitochondria (Klingenberg, 1980) . It is known that interactions between the inner and outer membrane can influence light scattering independently of matrix volume (Beavis et al. 1985) , perhaps through a process involving the formation and breakage of contact sites that are rich in the ANT (Doran & Halestrap, 2000; Vyssokikh et al. 2001) . Indeed, even the initial decrease in light scattering upon addition of mitochondria to the KCl medium is not accompanied by a large increase in matrix volume (Fig. 1) , something we have shown previously (Halestrap & Dunlop, 1986; Halestrap, 1987) .
Our data confirm that of Garlid and colleagues (Paucek et al. 1992 ) that the effects of adenine nucleotides on light scattering are most readily detected in the presence of Mg 2+ and P i (Fig. 4) . These workers have suggested that it is ATP (or ADP) complexed with Mg 2+ that is the active ligand for inhibiting the mitoK ATP channel and that phosphate acts as a charge-compensating anion, providing net uptake of potassium phosphate sufficient to induce osmotic swelling. However, our data show that the presence of adenine nucleotides from the start of the incubation prevents the decrease in light scattering induced by Mg 2+ and P i and partially reverses the effect if added after a period of incubation. The effect of ATP and ADP are reversed by CAT but not by BKA ( Fig. 2A) , which itself causes an increase in A 520 (Fig. 2B) . Thus it would seem probable that all of these effectors are working through an interaction with the ANT. One explanation for the observed results would be that, as isolated in sucrose medium (low ionic strength), the ANT is present largely in the 'm' conformation with ATP or ADP bound to the external substrate binding site. Upon incubation in the KCl medium (high ionic strength), the adenine nucleotides will be displaced, especially in the presence of phosphate, which can bind weakly to the ANT in competition with adenine nucleotides (Asimakis & Conti, 1985; Wilson & Asimakis, 1987) . Displacement of ATP and ADP will be further enhanced by Mg 2+ , which will readily form MgATP and MgADP complexes with bound adenine nucleotides, displacing them from the ANT (Klingenberg, 1980) . Mg 2+ may have additional effects on the conformation of the ANT since it is known that divalent cations such as Mg 2+ and Ca 2+ can interact with it (Boos, 1982) .
Thus, although we agree with other workers that ATP and ADP do cause changes in light scattering of mitochondria consistent with inhibition of a mitoK ATP channel, our data suggest that the explanation of these changes in light scattering is unrelated to such channel activity. Furthermore, we were unable to demonstrate any effects of putative mitoK ATP channel openers and blockers, such as diazoxide and 5-HD, on light scattering under conditions in which 0.2 nM valinomycin produced reproducible increases in matrix volume and decreases in A 520 (Figs 4 and 6) . We have attempted to replicate exactly the various protocols described for the published data of Garlid and colleagues Jaburek et al. 1998; Bajgar et al. 2001) , including differences in the respiratory substrate and buffer composition, but have still been unable to observe any appreciable change in light scattering induced by any of these agents. We are unable to offer an explanation for why our data differ from those of Garlid and colleagues. Whatever the reason for the difference, our isotopic measurements of matrix volume lead us to conclude that none of these mitoK ATP openers or blockers actually affect mitochondrial K + , entry and thus cast doubt on the existence of a mitoK ATP channel.
We conclude that there is no strong evidence for the existence of a mitoK ATP channel related to the sulphonylurea-sensitive channels of the plasma membrane. That is not to dismiss the presence of mitochondrial K + channels, for there is extensive evidence for the existence of electrogenic K + uptake pathways working in combination with a K + /H + antiporter to regulate the matrix volume (Halestrap, 1989; Brierley et al. 1994; Bernardi, 1999; ). Indeed, changes in matrix volume, most probably mediated by increased matrix [Ca 2+ ], may play a vital role in the regulation of mitochondrial function in the heart and liver (Halestrap, 1989 (Halestrap, , 1994 Kowaltowski et al. 2001; Xu et al. 2002) . However, our data provide further evidence that caution should be applied when using agents such as 5-HD and diazoxide as pharmacological tools to probe the role of the putative mitoK ATP channel in IPC. Rather, other effects of these agents may account for their ability to mimic and oppose the effects of IPC. For diazoxide, alternative mechanisms include opening of the plasma membrane K ATP channel (D'Hahan et al. 1999; Suzuki et al. 2002) or inhibition of mitochondrial respiration (Schäfer et al. 1971; Grimmsman & Rustenbeck, 1998; Kowaltowski et al. 2001; Hanley et al. 2002; Lim et al. 2002) with concomitant production of ROS, which are known to be critical in mediating IPC (Baines et al. 1997; Vanden Hoek et al. 1998; Pain et al. 2000; Forbes et al. 2001) , perhaps through activation of protein kinase pathways (Kawamura et al. 1998; Baines et al. 1999; . For 5-HD, alternative mechanisms include its activation to 5-HD-CoA, which in turn may affect fatty acid oxidation and other aspects of mitochondrial metabolism (Hanley et al. 2002; Lim et al. 2002) .
